Introduction
In the past several decades, chemical reactions involving sulfur atoms and sulfur-containing species have attracted much attention due to their importance role in combustion and atmospheric chemistry. Among them, the HHS system is considered to be one of the model systems for open shell reactions on account of its relatively simple electronic structure as well as its rich nonadiabatic singlet-triplet crossing effects [1] [2] [3] [4] . The reaction ( , ) A A ′ ′′ and many ab initio electronic structure studies have been carried out concerning on this reaction. In 1983, using the configuration interaction (CI) method based on the ab initio self-consistent-field (SCF) with an extended Gaussian basis set, Martin constructed the 100 Y.-H. Guo, et. al / Commun. Comput. Chem., 1 (2013), pp. [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] potential energy surface (PES) for the reaction H+HS [5] . The packet quantum scattering method within the centrifugal sudden approximation and Coriolis Coupling approach [9] . As the isotope effects can provide significant and different dynamical view of chemical reaction on the same potential surface [10, 11] , Lv et al. also have done an exact quantum scattering investigation of the D+DS reaction and computed the scalar properties: reaction probability and integral cross section most recently [12] . As we know, with the development of laser techniques, the accurate measurement of the reagent/product orientation and alignment in molecular reactions has been available. The QCT calculation has been proved to be a powerful procedure to simulate the measured profiles. To the best of our knowledge, there has no QCT study of reaction dynamics for D+DS system. In this work, we have calculated the reaction probability and integral cross sections (ICS) as well as product alignment for collision energies (Ec) below 2.0eV utilizing the newly LZHH 3 A′′ ground PES for a better knowledge of the rich dynamical features of the title three-atom reaction.
Method

Potential energy surface
The potential utilized here is the ground-state adiabatic 3 A″ surface constructed by Lv et al. This analytical global surface was calculated exploiting the ang-cc-pV5Z basis set of Dunning and the MRCI method. As obtained from the analytical 3 A″ PES, the transition state for the abstraction channel is linear with RHH=2.54a0 and RHS=2.62a0 and the barrier height is 2.07kcal/mol (0.09eV) with respect to the reactant H+HS asymptote, while the exchange channel barrier is 7.15kcal/mol (0.31eV) and the transition state lies at linear geometry with RHS= RH′S=2.87a0. For more details of the PES, readers can refer to Ref. [8] .
Quasiclassical trajectory calculations
The calculation method of QCT is the same as that of Ref. [13] [14] [15] . The classical Hamilton′s equations are numerically integrated in three dimensions. The collision energy ranges from 0.1 to 2.0eV in a step of 0.1eV. The reactants were prepared with initial vibrational and rotational quantum numbers v=0 and j=0, respectively. A batch of 100000 trajectories was run for each energy for the title reaction and the time step is chosen to be 0.1fs which is sufficient for obtaining the converged results. The initial distance between the D atom and the DS molecule is 10 Angstroms. The impact parameter b is an important input parameter. The maximum value of it, bmax, was determined by calculating 100000 trajectories at fixed values systematically increasing the value of b until no reactive trajectories were obtained [16] . The reaction probability, Nr/N, is the ratio of the number of reactive trajectories to the total number of trajectories, while the reactive cross section is defined as was also plotted in the figure where the red line and the blue line correspond to the quantum results of D2+S and D′S+D product branch, respectively. Our QCT results are found to be in good agreement with the quantum values [8] . That is to say, our QCT computations can describe the fine structures of the title reaction the same good as the QM numerations. It can be observed in Figure 1 that the reaction probabilities of two product channels exhibit a threshold at low collision energy and the representations of them with collision energy are quite different. The reaction probability of the exchange channel shows an overall increasing trend as the collision energy increases. In the case of the abstraction channel, nevertheless, the probability decreases slightly with increasing collision energy after a platform between 0.5 and 1.2 eV. All these features in Figure 1 can be ascribed to the fact that both the abstraction and exchange reactions have respective energy barriers along their minimum energy paths. The threshold behavior is in well accordance with the barrier height difference of two product channels. For the probability of the abstraction and exchange channels, it is also noticeable that the former is dominant at low collision energy while the latter is taking the leading role as the collision energy exceeds the barrier height. This phenomenon shows that translation energy has active impact on the exchange reactivity and passive effect on the abstraction reactivity resulting from the larger acceptance cone of the exchange reaction with increasing reaction energy [17] . As we know, the QCT method has a shortage of its inability to handle the quantum tunneling effect of the reactive system and remarkable consistency of quantum and QCT results here indicates that no significant quantum effects exist in the title reaction. 
Integral cross sections
Now we focus on another important parameter-the integral cross section to interpret the internal mechanism of the D+DS reaction. Table 1 and Table 2 summarize the trajectory details (maximum impact parameter, number of computed and reactive trajectories) and the resulting cross sections of the abstraction and exchange channels. The total reaction cross section as a function of collision energies for both abstraction and exchange channels are plotted in Figure 2 . As presented in the panel, for the exchange channel, the QM-CC result is slightly overestimated with respect to the QM-CS one and our QCT value is closer to the QM-CC result. For the abstraction branch, the QM-CC curve is also higher than the QM-CS line and our QCT cross section is again in good agreement with the QM-CC one. Here, we can see that the reaction threshold of the QCT results is almost the same as that of the quantum outcomes, implying once again that the quantum effects have negligible influence on this system. The well consistence between QCT and QM outcomes demonstrated that the QCT method provides a rather reliable way to study the dynamical behavior for the title reaction system with computational efficiency and accuracy, just as the cases in many systems [18] [19] [20] [21] [22] . On further inspection it can be found that the QCT calculations well reproduce the quantum upward behavior for the exchange channel, it is also clear that the small cross section near 0.4eVis arising from the 0.31eV barrier height. As regards the abstraction channel, the cross section is rising sharply from 0.15Å2 to 1.575Å2 at the relative low energy range, and then is slightly falling to 1.374Å2 at high collision energy. This is because the D+DS → D2+S reaction is exothermic, and has an early barrier of 0.09eV. In addition, the larger cross sections of the exchange channel than that of abstraction pathway indicate that formation of the D′S product is easier than that of the D2 product in this reactive system. 
Rotational alignment parameter
Besides the scalar properties, the vector characters about the reaction dynamics can be also obtained by using the QCT approaches. In the present work, we calculate only the rotational alignment parameter
⋅ > of the product, as it alone can be measured in most experiments up to now. Here, j′ represents the product angular momentum vector and k is the reagent initial relative velocity vector; the detail descriptions can be consulted Ref. [23] . This is well consistent with previous calculations by Han group [14] . It is generally realized that a classical limiting value of -0.5 has existed for this product alignment parameter. Moreover, the larger the absolute value is, the stronger the product rotational alignment is along perpendicular to the reagent relative velocity direction k. An inspection of the Figure 3 shows that has a tiny peak at Ec=0.4eV for both the abstraction and exchange channels, and then becomes slightly negative with increasing collision energies for the two channels. The product D'S shows the sharpest alignment when is Ec=1.4eV and exhibits a more strongly aligned trend than the product D2 in the whole range.
Conclusion
In this paper we have employed the QCT method to study the influence of collision energy on the abstraction and exchange channels of the D+DS reaction based on the new global ab initio LZHH PES. It has been found that our QCT results about the reaction probabilities and the integral cross sections for the two channels are in good consistent with the quantum calculations presented by Lv et al. In addition, the rotational alignment of the product is calculated, and Experimental studies about reaction probabilities, integral cross sections, and product rotational alignment effect on the title reaction are expected for further comparison of the experiment and theory.
